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We present the construction and performance of an ultra-low temperature scanning tunneling microscope
(STM), working in ultra-high vacuum conditions (UHV) and in high magnetic fields up to 9 T. The cryogenic
environment of the STM is generated by a single shot 3He magnet cryostat in combination with a 4He dewar
system. At base temperature (300 mK), the cryostat has an operation time of approximately 80 hours. The
special design of the microscope allows the transfer of the STM head from the cryostat to a UHV-chamber
system, where samples and STM-tips can be easily exchanged. The UHV chambers are equipped with specific
surface science treatment tools for the functionalization of samples and tips, including high-temperature
treatments and thin film deposition. This, particularly, enables spin-resolved tunneling measurements. We
present test measurements using well known samples and tips based on superconductor and metallic materials
such as LiFeAs, Nb, Fe and W, respectively. The measurements demonstrate the outstanding performance of
the STM with high spatial and energy resolution as well as the spin-resolved capability.
I. INTRODUCTION
Current research on condensed matter physics fo-
cuses on the study of correlated electron systems, that
exhibit interesting electronic collective effects measur-
able mostly at small energy scales (e.g. meV-µeV). In
this regard, scanning tunneling microscopy and spec-
troscopy (STM/STS) operating at cryogenic tempera-
tures has played a relevant role due to its high energy
and spatial resolution. Prominent examples are the spec-
troscopic maps of electronic wave functions in metals,
topological insulators, unconventional superconductors,
among others1–7. Furthermore, spectroscopic maps at
low temperature have strongly contributed to the estab-
lishment of the so called spin-polarized scanning tunnel-
ing microscopy technique (SP-STM)8,9. However, ex-
periments combining ultra-low temperatures (specifically
sub-Kelvin) and spin sensitivity are still rare and thus
highly desired. Different STMs operating at sub-Kelvin
temperatures have been built, where some of them are
rely on 3He refrigerators, Joule-Thompson refrigerators
and others on dilution refrigerators10–21. SP-STM, on
the other hand typically requires the combination of the
STM with ultra-high vacuum (UHV) environments.8,9
A bunch of interesting experiments in the field of con-
densed matter at extremely low temperatures and with
spin sensitivity might provide not only new insight into
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the physics of exotic materials but also potentially con-
tribute to the design of novel applications. Some topics
which might profit from such experiments are: i) uncon-
ventional superconductivity in correlated materials such
as heavy fermion, iron pnictide and cuprate compounds,
ii) p-wave superconductivity, iii) quantum Hall effect, iv)
topologically non-trivial systems such as skyrmion sys-
tems, topological insulators or Weyl semimetals22–29.
Here we report the construction of an STM system
operating at temperatures about 300 mK30. The low-
temperature environment is realized by a 3He evapora-
tion cryostat. The cryostat is coupled to a UHV envi-
ronment of three UHV chambers where standard prepa-
ration and analysis surface tools are installed in order
to allow the in-situ preparation of samples and tips for
spin-sensitive measurements. The system additionally is
equipped with a superconducting magnet which allows to
apply an external magnetic field (up to 9 T) perpendicu-
lar to the sample surface. We report various characteriz-
ing measurements on well-known metallic magnetic and
superconducting samples and different, partially magne-
tized tips in order to demonstrate the performance of the
microscope31,32.
II. INSTRUMENT AND DESIGN
The instrumental design attempts to reduce as much as
possible mechanical and electromagnetic noise that might
interfere in the energy resolution determined by the ther-
mal limit of the system. In order to reduce the mechani-
cal noise, various aspects and components have been con-
sidered, in particular: i) the STM host and auxiliary
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2rooms, ii) a pneumatic damping system, iii) a metallic
host frame, and iv) the rigidity of the STM head. On
the other hand, electromagnetic noise has been reduced
by using noise filters and avoiding multiple grounds.
FIG. 1 shows an overview of the STM system. The
most prominent part is the cryostat system which con-
sists of a combination of several 4He baths and a single
shot 3He magnet cryostat. In the inner part of the cryo-
stat a superconducting magnet and a rod-manipulator
which hosts the STM head are installed. The cryostat is
held in a barrel that is part of a metallic frame, which
also hosts three UHV chambers used for the preparation
of samples and tips. The complete system rests on a
pneumatic damping system consisting of three equally
spaced columns (see schematic in FIG. 1). More details
will be described in the following sections.
A. Mechanical vibration isolation
The STM system requires high mechanical stability
in order to achieve high spatial resolution. The decou-
pling mechanism of the STM from the building can be
described starting with the decoupling of the cryostat.
The cryostat is suspended at the top of a metallic barrel
through the assistance of an elastic, electrically insulat-
ing sealing lip (see FIG. 1). In this way a direct mechan-
ical and electrical contact between the metallic barrel
and the cryostat is prevented. Furthermore, the damp-
ing elements avoid the direct transmission of remaining
mechanical noise from the barrel body to the cryostat.
The barrel is filled with fine grained dried sand, which
screens the cryostat of sounds coming from the surround-
ings. The barrel itself is part of a metallic frame that con-
nects to a hexagonal structure in the lowest part of the
system. The hollow spaces of the vertical frame which
supports the hexagonal structure in the frame is also
filled with sand. The hexagonal structure provides sta-
bility to the whole system and hosts two of the three
UHV chambers (i.e. the preparation and analysis cham-
bers). The third chamber (labeled STM chamber) is di-
rectly bolted to the cryostat and has no rigid mechanical
connection to the other two UHV chambers, where the
UHV connection is realized through edge-welded bellows.
The entire metallic frame sits on three damping elements
equally distributed forming 120◦ between them. Each
damping element has a horizontal (BILZ HAB 24000)
and a vertical (BILZ BIAIR 2.5-ED/HD) air-pillow with
an air pressure regulator33. Thus, the entire STM system
is decoupled from all three possible vibration directions
of the building.
Each air damping unit sits on a column made of con-
crete. The height of the columns were chosen such that
the midpoint of any tilting vibration of the structure, lies
exactly at the measurement position of the STM. There-
fore, the design attempts that vibrational and rotational
modes of the system have low impact on the measure-
ment.
B. Cryogenics and magnet
The bottom loading 3He cryostat system (model HE-
3-BLSUHV-STM) which provides the low-temperature
vacuum environment and the magnetic field has been
manufactured by Janis Research Company34. The base
temperature of about 300 mK of the system is provided
by a single-shot 3He evaporation cryostat in combination
with a low-noise 1K-pot fed by liquid 4He and several
4He baths.
1. Heat isolation
The first part of the system, from outside to inside,
which protects the STM from external heat radiation are
the radiation shields. These super-isolated shields are
exposed to the exhaust steam of 4He reservoirs I and
II, reaching typical temperatures in the range from 65
K at the most internal shield (yellow color in cryostat
schematic) to 240 K at the most outer shield (green color
in cryostat schematic).
At the junction between the cryostat and the UHV
STM chamber, three radiation flaps avoid the entrance
of room temperature heat radiation. These flaps can be
pushed open by the STM-1K-shield (see below) when the
STM head unit is moved from the measurement position,
located at the center of the magnetic field (see schematic
in FIG. 1), towards the UHV chamber. If the STM head
unit is back to the measurement position, the three flaps
close automatically through spring forces. The most in-
ternal plate is additionally connected to the 4He reser-
voir I through a thermal copper connection, reaching
temperatures less than 5.5 K. It guarantees a good pro-
tection of the 4He reservoirs of external heat radiation.
There are two regions in the cryostat of isolation vac-
uum: an external one (dark yellow in the cryostat), which
reaches pressure less than 10−6 mbar and that encloses
4He reservoirs I and II, and an internal one, at the cen-
ter of the cryostat (red in the cryostat), which reaches
pressure less than 10−10 mbar and encloses 4He reservoir
III.
2. 4Helium reservoirs
Reservoir I has a capacity of 280 liters and is the largest
in the system. It serves to cool down the core area of the
cryostat and to protect it from external heat radiation.
Furthermore, reservoir I hosts the superconducting mag-
net, which can provide vertical magnetic fields up to 9 T
(i.e. perpendicular to the sample surface). Additionally,
a connection between reservoirs I and II refrigerates the
UHV-tube, where the STM is placed in the measurement
position.
Reservoir II has a capacity of 80 liters and is concen-
trically located inside of reservoir I. It is located between
an isolation vacuum layer and the core UHV area of the
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FIG. 1. Overview of the STM system with cryostat, damping system and UHV chambers. The section view of the cryostat
shows the He-reservoirs, the 9T magnet as well as the STM in the measurement position.
cryostat. This reservoir protects reservoir III and the
3He stage that are inside the UHV area against thermal
radiation. Therefore, reservoir II should all the time be
operated with more than 75% of its helium capacity in
order to guarantee a thermal radiation to the 3He stage
of about 4.2 K.
Reservoir III has a capacity of 24 liters and is located in
the UHV area of the cryostat. The reservoir is attached
to a vertical manipulator where the 3He stage and the
STM are also attached. The purpose of this reservoir is
to supply liquid 4He to the 1 K pot of the 3He cryostat.
If the 1 K-pot is used, the helium consumption for the
reservoir I is about 4.7% per day with a standing time
of about 21 days, for reservoir II is 6.3% per day with
a standing time of about 15 days and for reservoir III is
18,2% per day with a standing time of about 5 days. If
the 1 K-pot is not used, the helium consumption for the
reservoir I is about 4.4% per day with a standing time of
22 days, for reservoir II is 6.6% per day with a standing
time of about 15 days and for reservoir III is 11,5% per
day with a standing time of about 8 days.
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FIG. 2. Functional diagram of the 3He stage of the cryo-
stat showing the open 4He circuit and the closed 3He circuit.
Reproduced from Reference 30.
3. 3Helium cryostat
The 3He cryostat operates with two separated helium
circuits (see FIG. 2). One circuit employs liquid 4He
provided by reservoir III, whereas the second circuit is a
closed 3He-circuit. The purpose of the 4He-circuit is to
supply the 1 K-pot, i.e. a container with a volume of ap-
proximately 65 ml, with liquid 4He while pumping on the
gas phase of the 4He with a rotary pump. The tempera-
ture thus reached in the 1 K-pot is about 1.3 K, depend-
ing on the adjustment of a needle valve on the pumping
line. This low temperature is required to condensate 3He
as the first step to reach the base temperature of the sys-
tem. The 3He condensation takes place in the external
capillaries which wrap the 1 K-pot. Typically, a proper
adjustment of the needle valve will let the 1 K-pot stay
for approximately 5 days at about 1.3 K and additionally
operate with the minimum influence to the noise of the
microscope35. Afterward, reservoir III should be filled
again.
The 3He circuit has three parts: i) the 3He-gas tank,
ii) an activated carbon adsorption pump and iii) the 300
mK-pot (see FIG. 2). All components are connected
through capillaries. Between the adsorption pump and
the 300 mK-pot the capillaries are thermally coupled to
the 1 K-pot. The 3He tank has a volume of about 1200
cm3 where gaseous 3He is stored under a pressure of ap-
proximately 7 bar. In order to reach the base tempera-
ture, the process starts with the cooling of the activated
carbon pump at about 4 K, so that the complete 3He is
absorbed on the activated carbon surface. To condensate
3He, the activated carbon pump is first heated to about
40 K using an installed 25 Ω-heater. Thereby, the 3He
is released and condensates afterward at the capillaries
which are wrapped around the 1 K-pot. The liquid 3He
subsequently drops into the 300 mK-pot and the micro-
scope head cools down to about 2 K. After reaching this
temperature, it takes around 2 hours to condense the re-
quired amount of about 26 ml of liquid 3He. After finish-
ing the condensation process, the activated carbon pump
should again be cooled down to 4 K. This starts a cryo-
pumping effect which reduces the vapor pressure and the
boiling temperature of the 3He by absorbing the gaseous
3He on the activated carbon surface. This process, in ap-
proximately 10 minutes, leads to a temperature of about
300 mK at the 300 mK-pot and the STM-head which can
be maintained for approximately 80 hours until all liquid
3He is fully evaporated.
4. Temperature variability
The system allows to vary the temperature from
300 mK up to 40 K while maintaining high stability re-
quired for STM measurements. Between 300 mK and the
boiling point of 3He (T = 3.2 K), the temperature can
be adjusted by changing the pump rate at the 300 mK-
pot. Technically, this requires to heat the sorption pump
up through the 25 Ω-heater. Higher temperatures up to
about 40 K can be reached by actively heating the 300
mK-pot with a second 25 Ω-heater and controlling the
temperature using a CERNOX and a RuO temperature
sensor36.
C. STM head and electronics
The central STM unit of the system is shown in
FIG. 3. The STM design is based on previously reported
ones37–40. The materials employed in the STM construc-
tion satisfy conditions such as high mechanical firmness,
good thermal conduction, similar thermal expansion co-
efficients, and weak magnetic response of the used mate-
rials. Last but not least, the materials were chosen to be
easily machinable.
The chosen materials and the STM unit’s design sup-
port high stability in the tunneling junction and ensures
versatility for non conventional transport and tunnel-
ing experiments. As for the latter, the design includes
the following features: i) samples and tips can be ex-
changed inside the UHV, ii) the sample can be moved
relatively with respect to the tip through a coarse posi-
tioning mechanism (so-called xy-table), and iii) the STM
sample holder receptacle is equipped with electrical con-
nection to allow four-point transport measurements, in-
cluding a gate-electrode, simultaneously to the tunneling
experiment. The STM unit is surrounded by a protec-
tion shield cooled to 1 K (so-called 1 K-shield) in order to
avoid direct radiative heat intake from warmer parts of
the instrument. The 1 K-shield possesses a window which
can be opened and closed with the purpose to have ac-
cess to the STM through an external manipulator in the
transfer position (not shown in FIG. 3) and to ensure a
homogeneous thermal radiation environment.
5300 mK-pot
1 K-shield
4 K-guide tube
Thermal
coupling
Polyimide spacer ring
STM-radiation shield
Electrical contacts:
54 pins
FC/PC fiber
optic connectors
Polyimide stick spacer
Polyimide stick spacer
xy-table
Upper sample stage
with 5 contacts
Lower sample stage
Centering ring for
sample exchange Sapphire prism
with the tube
scanner
Asymmetrical end
to open the radiation
protection flaps
Hexagon nut to
open the radation
shield window
FIG. 3. STM with the thermal coupling and the 300 mK-pot.
The inner and outer 1 K-shield are cut with the purpose to
see the STM. Dimensions of the 1 K-shield: 340 mm of length
and 70 mm of diameter. Reproduced from Reference 30.
1. Thermal coupling and 1 K-shield
The thermal coupling connects the actual STM unit
with the 300 mK pot of the cryostat (see FIG. 3) and
is made of oxygen free high thermal conductivity cop-
per. In order to achieve an excellent thermal connection,
the contact surfaces were polished, and subsequently the
complete piece has been gold-coated with a thickness of
approximately 5 µm. The thermal coupling is fixed via
four (DIN 912-M3x25 mm) titanium screws at the side of
the 300 mK-pot and with three (DIN 912-M3x25 mm) ti-
tanium screws on the STM side. In this way, high contact
pressure in both flanges is ensured. The 300 mK-pot is
suspended by capillaries with a length of about 300 mm
with the purpose to guide the 3He to and from the pot,
ensuring low heat input from the 1 K-pot. Moreover,
four polyimide sticks ensure that the 1 K-shield keeps
the central position with respect to the thermal coupling
device. The form of the flange of the 300 mK-pot lets the
cables and optic fibers (for optional future combination
with optical experiments) pass through the inner diame-
ter of the thermal coupling device and avoids the contact
with the 1 K-shield.
The 1 K-shield has a compact connection to the 1 K-
pot and is made of oxygen-free copper suitable for UHV.
It has a length of about 340 mm and a diameter of 70
mm. The complete piece is also coated with approxi-
mately 5 µm of gold. The 1 K-shield has an asymmetric
lower tail that serves to open the radiation protection
flaps which separate the STM UHV-chamber from the
cryostat. Furthermore, in the 1 K-shield end, there is
an hexagonal insert that lets the user manipulate the 1
K-shield window, providing access to the STM through
an external manipulator.
2. STM body
The STM body is made of gold-coated phosphorus
bronze and can be divided into two parts: the sample
unit and the tip unit (see FIG. 4 and FIG. 5). These
two parts are connected with five (DIN 912-M4x20 mm)
titanium screws. This massive connection supports the
rigidity of the STM body and ensures a good thermal
conductivity between both parts.
The sample unit consists of the upper sample recepta-
cle part (labeled upper sample stage), which is directly
installed in the xy-table. This part has five contact pins
for possible additional measurements (e.g. Hall probes
and temperature sensors).
The xy-table is a device installed in the sample-unit
that enables the relative movement in the xy-plane of
the sample with respect to the tip. This device provides
the possibility to approach in different spots of the sam-
ple surface without completely warming the sample. The
procedure of changing the sample-tip spot takes just few
minutes until the system returns to stable conditions.
The xy-table thus circumvents an otherwise manual ma-
nipulation of the sample position which typically requires
several hours. The xy-table movement is carried out via
the WALKER-principle41, providing the required high
stability. The xy-table is based in a crossbred sapphire
prism using six piezo stacks for the movement in the x-
axis as well as six piezo stacks for the movement in the
y-axis.
The plug for electrical connections of the STM is lo-
cated at the upper end of the sample unit. The plug con-
tains gold-plated copper pins, which are isolated from the
metal body by aluminum oxide feed-troughs and insulat-
ing glue (EpoTek H70E)42. Additionally, the plug con-
tains three FC/PC- fiber optic connectors for potential
future combination with optical experiments. This con-
nector part matches with a complementary counterpart
at the thermal coupling of the cryostat. This character-
istic of the STM design facilitates the separation of the
STM from the cryostat in the the case of maintenance.
The tip unit is shown in FIG. 5. In the upper part
there is a second sample receptacle (labeled lower sam-
ple stage) which can only be used for standard STM mea-
surements. The lower sample stage is glued with insulat-
ing glue (EpoTek H70E)42 to a socket, which is screwed
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FIG. 4. STM-body-sample unit and electrical connection
stage. Reproduced from Reference 30.
in the STM body. Between the socket and the lower
sample stage there is a 0.1 mm aluminum oxide plate
that provides electric insulation and good thermal con-
nection to the STM body. Another important part is the
scanner unit that consists of the sapphire prism and the
piezo tube scanner43. The bottom part of tube scanner
is mounted in an aluminum oxide socket with insulating
glue and fixed with three (M1.5x3 mm) titanium screws
in the sapphire prism. The top part of the tube scan-
ner has an aluminum oxide socket, a tip stage made of
molybdenum and a spring made of cooper-beryllium for
the tip reception. The electrical connections of x and y
electrodes of the tube scanner are made with thin (diame-
ter: 0.1 mm) polyimide isolated oxygen free high thermal
conductivity cooper wires. On the other hand, cooper
coaxial wires (outer diameter: 0.5 mm) connect the tip
(tunneling current) and z electrode in the tube scanner.
The electrical connection of the wires was made with con-
ducting glue (EpoTek H20E)42. The scanner unit moves
upwards or downwards through piezo stack actuators ex-
ploiting the slip-stick mechanism41. The efficiency of the
coarse approach movement can be adjusted through the
molybdenum spring. It is essential for the first optical
and the final automatic approach of the tip to the sam-
ple.
3. Mechanism for tip/sample exchange
One important property of the STM system is the
possibility to exchange the tip/sample without warm-
ing up or venting the system. A step by step proce-
dure to transfer the tip/sample from the magnet center
to the STM chamber stars with the movement of the
STM transfer manipulator (see FIG.1) to the UHV STM
chamber. In the chamber, the 1 K-shield window can
be opened through an external manipulator that fits in
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FIG. 5. (a) STM-body-tip unit and (b) lateral and top views
of the unit. Reproduced from Reference 30.
the hexagon nut located at the bottom part (see FIG.3).
After that, the tip/sample is reached by a wobble stick
that can take the tip/sample to a sample carousel. The
tip/sample exchange procedure is assisted by the coarse
approach/retract mechanism of the scanner unit.
The tip is transported with the assistance of a special
tip holder-transporter shown in FIG. 6. This holder-
transporter is made of tungsten and has two parallel
plates. The one at the bottom hosts the tip which is
fixed in the tip holder. Additionally, the tip holder is
secured by a tungsten spring wire. The second plate at
the top protects the tip of any undesirable contact while
it is moved. Furthermore, it has an opening of about 7
mm in diameter which enables the tip to be reached by
electron or ion beams for cleaning purposes as well as for
tip functionalization, such as coating with magnetic films
required for spin-resolved measurements.
The procedure of inserting a sample from ambient
conditions to the UHV system (first into the entry-lock
chamber, see UHV system) takes about 1 hour. The
sample transferring from the entry-lock chamber to the
STM-measuring position takes about 1 h. Once the sam-
ple is in the measuring position, it takes about 3 hours to
carry out the corresponding cooling and thermalization
processes in order to start a STM measurement at base
temperature.
4. Electronic connections of the STM system
The tunneling current loop is made of coaxial cable
and is completely decoupled from the rest of the STM
system to avoid the negative influence of ground loops
(see schematics in FIG. 7). The bias voltage provided
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FIG. 6. Tip holder-transporter designed for tips exchange
and treatment. Dimensions: 18 mm x 15 mm x 5 mm. Re-
produced from Reference 30.
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FIG. 7. Electronic connections of the STM system. The am-
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vent occurring ground loops, isolated voltage amplifiers with
an amplifier factor of 1 are used. Inside the box, all signal
lines from the sample / tip to the voltage divider / amplifier
are surrounded by a closed screen. Reproduced from Refer-
ence 30.
by the STM controller goes first through an amplifier
(DATAFORTH SCM5B41-03)44 with a gain factor of 1
and a band-width of 10 kHz, which galvanically separates
the signal from the rest of the system. Thereafter, the
signal is fed into a voltage divider that has the possibility
to divide the signal by 1, 10 or 100. Finally the bias
voltage is applied to the sample. The tunneling current
is first received by a current amplifier (FEMTO DLPCA-
200), which converts the current to a voltage signal with
a gain factor of 1 nA/V. The band-width of this amplifier
is of about 1.1 kHz45. The resulting signal is then sent
to a second amplifier (DATAFORTH SCM5B41-03) and
subsequently to the STM controller.
The electric ground of both galvanic amplifiers, on the
STM side, are connected to a common reference point to-
gether with the shields of the isolated coaxial cables that
go to the STM. On the other hand, on the STM con-
troller side, the electric ground of the amplifiers shares a
common reference point with the STM controller ground.
All the mentioned components, except the electronic
control, are mounted in a radio frequency (RF) shielded
metal-box. Furthermore, all the connecting cables to the
STM side
connector
RF free side
SMD filter;pi-
- ycut off frequenc :
2approx. MHz
10 k resistor toW
-drop the cut off
yfrequenc to
200 kHz
cable side
connector
‘ irty’ sided
FIG. 8. RF-filter box with pi-filters for each signal line to the
3He stage of the STM system. Dimensions: 60 mm x 63 mm
x 111 mm. Reproduced from Reference 30.
STM as well as to the sensors and heaters in the 3He stage
are protected with pi-filter against RF-radiation12,19.
The corresponding RF-filter boxes are mounted between
the connecting wires and the UHV-feed-through flanges
(FIG. 8 shows an RF-filter box). Each of the boxes con-
sists of two small chambers divided by a copper plate.
The plates host the pi-filters of the type TUSONIX 4701-
00146 with a cutting frequency of 2 MHz. In order to
increase the filter effect, resistors of about 10 kΩ are in-
stalled in series. The cutting frequency can thus be set
up to 200 kHz.
D. UHV system
The preparation and the exchange of tips/samples
require proper UHV conditions outside the cryostat.
Therefore, three UHV chambers are installed in the bot-
tom part of the cryostat as is shown in FIG. 1. These
three chambers are inter-connected via two valves that
let them operate independently. The tip/sample trans-
fer is carried out by using magnetically coupled rotary-
slide manipulators. The UHV is maintained by different
pumps that will be detailed below for each specific cham-
ber.
The STM chamber is directly mounted below the cryo-
stat through a DN 350 CF-flange. The vacuum in this
chamber is sustained by an ion getter pump with an ul-
timate pressure below 10−11 mbar. The STM chamber
contains in the central part the sample storage carousel,
which additionally serves as bridge in the sample/tip
transfer between the STM and the preparation and anal-
ysis chambers. The STM chamber has two manipulators:
one wobble stick for the exchange of sample/tip between
the STM and the carousel and a second manipulator, lo-
cated in the bottom part, to open and close the window
of the 1 K-shield, which protects the STM.
The preparation chamber offers the possibility to pre-
pare the samples and tips for the SP-STM experiment.
For this purpose, the chamber contains surface clean-
ing devices, in particular an argon-ion sputter gun and
8a high temperature heating stage for flashing tips and
samples at temperatures approximately up to 2700 K.
Furthermore, there is the option to install different evap-
orators for molecules and metals for the growth of thin
films from the sub-monolayer coverage up to several lay-
ers on the sample or the tip. The latter constitutes a
particularly important requirement for the preparation
of samples and tips for spin resolved measurements. The
chemical environment of the chamber is controlled via a
quadrupole mass spectrometer with a 0-100 atomic mass
unit range, while the vacuum is maintained by a combi-
nation of a dry scroll vacuum pump with ultimate pres-
sure of 6.6x10−2 mbar , a turbo molecular pump with
a base pressure below 2x10−10mbar, a titanium subli-
mation pump and an ion getter pump. An entry-lock
chamber is connected to the preparation chamber for ex-
changing samples and tips between the external environ-
ment and the UHV-system. This small chamber has the
option to be pumped and vented relatively fast through a
second turbo molecular pump. The manipulation of sam-
ples and tips in the preparation and entry-lock chambers
is carried out by four different manipulators: two of them
are one-dimensional manipulators (one from the entry-
lock chamber to the preparation chamber, a second from
the preparation chamber to the STM chamber), a third
one has an xy-table for positioning the sample/tip with
more freedom in the space of the preparation chamber,
and finally a wobble stick manipulator, which allows free
three-dimensional movement in the preparation chamber.
The analysis chamber is designed for characterization
of the sample surfaces by LEED (low energy electron
diffraction) and elemental analysis through Auger spec-
troscopy. Further analysis and preparation tools such as
evaporators, sputter gun, mass spectrometer, etc., can
be installed if necessary. The vacuum in this chamber
is maintained with a similar setup as in the preparation
chamber. The chamber is furthermore equipped with
one one-dimensional and another two-dimensional ma-
nipulator. Additionally, the chamber has a wobble stick
manipulator for three-dimensional movements.
III. DEMONSTRATION OF FUNCTIONALITY
A. Tunneling current noise
FIG. 9 shows the tunneling current spectral density
noise from 1 Hz to 2000 Hz of a measurement without
feedback loop at 300 mK employing the 1 K-pot. The
spectrum depicts characteristic mechanical and electro-
magnetic noise of the STM system. In general for the
low frequency regime, the spectral density background
stays below 1 pA Hz−1/2 and for high frequencies the
spectral density background stays below 0.1 pA Hz−1/2.
The low frequency region shows a potential disturbing
peak at about 23 Hz with the highest intensity. In order
to overcome this potential disturbing peak, the measure-
ment time per point (pixel) should be longer than 100 ms.
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FIG. 9. Current spectral density noise numerically calculated
from tunneling current data taken without feedback loop in
2048 x 128 measurement points. The sample was a W(110)
single crystal and the tip was made of Nb. The current set
point was 500 pA, the bias voltage -50 mV and the tempera-
ture 300 mK using the 1 K-pot.
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FIG. 10. Schematic of the LiFeAs structure. Fe in red, As in
green and Li in blue. The cleaving plane is between the Li
ions. Reproduced from Reference 30.
Proper measurement settings let us obtain, for example,
topographic data without the presence of disturbing fre-
quencies as it is demonstrated in FIG.11.
B. Atomic resolution
In order to demonstrate the spatial resolution of the
instrument, a sample of the type II superconducting ma-
terial LiFeAs has been topographically investigated. The
crystal was grown as described by Morozov et al.47 and
its structure is shown in FIG. 10. It is known that the
material cleaves very well between two Li layers, resulting
in high quality surfaces which can further show atomic
resolution in STM measurements7,40,48,49.
FIG. 11 shows the topography of the sample measured
at 5.8 K. The characteristic atomic corrugation of LiFeAs
as well as several surface defects49 are resolved with high
resolution. The data prove atomic resolution and can be
further used as reference for scanner calibration.
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FIG. 11. Constant current topographic image of LiFeAs and
line profile along black arrow. Area: 25.7 nm x 25.7 nm,
U = −50 mV, I = 2 nA and T = 5.8 K. Reproduced from
Reference 30.
C. Energy resolution and temperature variability
In order to demonstrate the high energy resolution and
the temperature variability of the STM, spectroscopic
measurements employing a Nb tip and a W(110) sample
have been carried out. The Nb tips were mechanically
shaped from polycrystalline Nb wires of 99.9% purity,
and the W(110) sample was prepared in UHV conditions
through several cycles of annealing at 1500 K in oxygen
atmosphere (pO2 = 10
−7 mbar) with a subsequent high
temperature treatment at 2300 K50. Once the Nb tip was
able to reveal the well known step-like W(110) surface,
single point spectra were measured.
FIG. 12 shows an averaged spectrum taken at 378 mK.
The red circles correspond to the experimental data and
the blue line to the BCS density of states51,52 given by
dI
dU
∝
∫ ∞
−∞
||√
2 −∆2 ·
1
kB ·T · exp( +eUkB ·T )
(exp( +eUkB ·T ) + 1)
2
d, (1)
The density of states can be very well fitted, pro-
viding a value of ∆ = 1.45 mV for the superconduct-
ing gap of Nb, which is in very good agreement with
literature11,53,54. Additionally, the BCS fit yields an
electronic temperature Tfit = 400 mK, i.e. in very
good agreement with the thermometer reading. Thus,
the energy resolution is close to the theoretical limit of
∆E ≈ 3.5kBT ≈ 120 µeV.
The capability to study dI/dU spectroscopy at various
temperatures was additionally tested. FIG. 13 shows ac-
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FIG. 12. STS at base temperature employing a Nb tip
and a W(110) crystal (red circles correspond to experimen-
tal data and blue line to BCS-fit). Temperature at the STM
TSTM = 378 mK, temperature of the BCS fit Tfit = 400 mK,
superconducting gap ∆ = 1.45 mV. Measurement conditions:
bias voltage from −5 mV to +5 mV, ∆U = 50 µV, Umod =
20 µVRMS, stabilized at Ubias = −5 mV and I = 200pA. Re-
produced from Reference 30.
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FIG. 13. Temperature dependent change of the superconduct-
ing gap of the Nb tip. Measurement conditions: bias voltage
from -5 mV to +5 mV, ∆U = 50 µV, Umod = 50 µVRMS,
stabilized at Ubias = −5 mV and I = 200 pA. Reproduced
from Reference 30.
cording temperature dependent spectroscopic measure-
ments from 380 mK up to 10.6 K, where no supercon-
ducting gap is detected.
D. Measurements in magnetic field
As it has been described in section II-B, the system is
equipped with a superconducting magnet which provides
magnetic fields up to 9 T perpendicular to the sample
surface. Accordingly, FIG. 14 shows measurements of
the differential conductance of the above discussed Nb-
W tunneling junction for various magnetic fields. The
reduction of the superconducting gap upon increasing the
magnetic field from zero to 1.50 T is clearly visible.
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FIG. 14. Magnetic field dependent change of the supercon-
ducting gap of the Nb tip. Measurement conditions: bias volt-
age from -5 mV to +5 mV, ∆U = 50 µV, Umod = 50 µVRMS,
stabilized at Ubias = −5 mV and I = 200 pA. Reproduced
from Reference 30.
E. Spin-polarized measurements
One of the main characteristics of the STM system
is the capability to perform spin-resolved measurements.
SP-STM relies on the tunneling magnetoresistance effect,
which means that the relative orientation of the mag-
netic moments of tip and sample determines the value of
the tunneling current8,9. To demonstrate the capability
of spin resolution, the magnetic structure of iron nanos-
tructures has been studied using magnetic tunneling tips.
The samples were prepared under UHV conditions by
evaporating between one and two atomic layers of iron
on a W(110) single crystal. Hereby, different growth fac-
tors such as annealing temperature, annealing time, sub-
strate defects, etc. were determinant for the obtained
iron nanostructures31,32,55. Two different samples were
prepared: FIG. 15 shows the results for iron islands of
two atomic layers height, while FIG. 16 presents results
for iron nanowires of two atomic layers height.
For the two-monolayer islands of the type shown in
FIG. 15 it is well known that they exhibit an out of the
plane spin polarization8,9. For studying these islands, an
iron coated tungsten tip was used that was prepared by
evaporating about 20 atomic layers of iron on a clean
tungsten tip. Prior to that, the tungsten tip was pre-
pared via chemical etching and subsequent high tempera-
ture treatments at 2000 K for 5 seconds using an electron
beam heater. A constant current topographic image of
the sample is shown in FIG. 15 (a). In this case, islands
of different sizes are located on the steps of the underly-
ing tungsten crystal. The bottom of FIG. 15 (a) depicts
a line profile taken along the white arrow shown in the
topography. This line profile corresponds to the apparent
height in two different islands labeled A and B (see Fig-
ure (a)). The average topographic height of island A (zA)
is similar to that of island B (zB). The height asymmetry
defined as Astopo = (zB−zA)/(zB+zA) is useful to evalu-
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FIG. 15. Iron islands (1.6 ML Fe) on W(110) measured with
an iron-coated tungsten tip. (a) Topographic image (I =
300 pA, U = −300 mV, T = 38 K), (bottom) line profile along
white arrow (b) dI/dU-map @ U = −300 mV, (bottom) line
profile along white arrow. Reproduced from Reference 31.
ate the difference between two topographic signals of the
two islands9. Here, we find Astopo = 0.02, which indi-
cates a tiny difference of both islands. FIG. 15(b) shows
a dI/dU -map of the same sample taken at U = −300 mV.
The islands in this case show evidently different differen-
tial conductance, because some of them appear bright
and others dark. This significant contrast very clearly
demonstrates a spin-polarized tunneling current and thus
sensitivity to the magnetic structure of the sample9,56.
This is confirmed by the asymmetry of the differential
conductance AsdI/dU = (dI/dUB − dI/dUA)/(dI/dUB +
dI/dUA) = 0.07.
FIG. 16(a) shows the topography of iron nanowires
grown via the step flow mechanism8. The sample was
measured with a mechanically sharpened chromium bulk
tip, which was made using a chromium single crystal of
high purity (approximately 99%) and additionally evap-
orating 10 to 100 monolayers of fresh/clean Chromium
via MBE. In the dI/dU -maps shown in FIGs. 16(b,c,d),
one can distinguish the presence of two types of lines: i)
a group of quasi-horizontal lines with respect to the im-
age frame and ii) a second group of quasi-vertical lines
with respect to the image frame. The horizontal lines
correspond to dislocation lines produced by the strain
caused by the different lattice parameters between iron
and tungsten55. The vertical lines with alternate intensi-
ties (bright and dark) are domain walls of the magnetic
structure along the double layer nanowires as it has been
previously reported8. The alternate intensity of the do-
main walls indicate a rotational sense of the magnetic
domains. It is worth to mention that here the tip pos-
sess an in-plane magnetic sensitivity, therefore the mag-
netic contrast of the out-of-plane magnetized domains is
not visible. By applying an external magnetic field as is
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FIG. 16. Iron nanowires (1.5 ML Fe) on W(110) measured
with a chromium bulk tip in magnetic field. (a) Topographic
image (I = 900 pA, U = +60 mV, T = 35 K), (b) dI/dU-map
@ U = +60 mV, B = 0 T, (c) dI/dU-map @ U = +60 mV,
B = 100 mT, (d) dI/dU-map @ U = +60 mV, B = 200 mT.
Reproduced from Reference 32.
shown in FIGs. 16(b,c,d), the magnetic domains within
the nanowires become alternatively larger and smaller
upon increasing the magnetic field. Concomitantly, the
dark and bright vertical lines, i.e. the domain walls, are
pairwise moved against each other.
IV. SUMMARY
The construction and the operation of a robust STM
system is reported. The system’s special design combines
ultra-low temperature, high magnetic field and ultra-
high vacuum techniques with the sensitive STM tech-
nique. Considering its outstanding resolution and the
UHV facilities, the STM is able to perform spin-resolved
STM/STS measurements. The functionality of the sys-
tem has been probed by measuring different well known
samples such as: i) a cleavable LiFeAs single crystal
with a tungsten tip, ii) a tungsten single crystal with
a niobium tip and iii) two atomic layer iron nanostruc-
tures on W(110) with iron-coated tugnsten tips as well
as chromiun bulk tips.
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